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Behavioral/Systems/Cognitive

Ca-Stimulated Type 8 Adenylyl Cyclase Is Required for Rapid
Acquisition of Novel Spatial Information and for Working/
Episodic-Like Memory
Ming Zhang,1,2* Changjong Moon,1,2,7* Guy C.-K. Chan,6 Lan Yang,2 Fei Zheng,1,3 Alana C. Conti,5 Lisa Muglia,5
Louis J. Muglia,5 Daniel R. Storm,6 and Hongbing Wang1,2,4
1

Department of Physiology, 2Neuroscience Program, 3Department of Biochemistry, and 4Cell and Molecular Biology Program, Michigan State University,
East Lansing, Michigan 48824, 5Department of Pediatrics, Washington University, St. Louis, Missouri 63110, 6Department of Pharmacology, University of
Washington, Seattle, Washington 98195, and 7Department of Veterinary Anatomy, College of Veterinary Medicine, Chonnam National University, Gwangju
500-757, South Korea

Ca-stimulated adenylyl cyclases (ACs) transduce neuronal stimulation-evoked increase in calcium to the production of cAMP, which
impinges on the regulation of many aspects of neuronal function. Type 1 and type 8 AC (AC1 and AC8) are the only ACs that are directly
stimulated by Ca. Although AC1 function was implicated in regulating reference spatial memory, the function of AC8 in memory
formation is not known. Because of the different biochemical properties of AC1 and AC8, these two enzymes may have distinct functions.
For example, AC1 activity is regulated by both Ca and G-proteins. In contrast, AC8 is a pure Ca sensor. It is neither stimulated by Gs nor
inhibited by Gi. Recent studies also suggested that AC1 and AC8 were differentially concentrated at different subcellular domains,
implicating that Ca-stimulated signaling might be compartmentalized. In this study, we used AC8 knock-out (KO) mice and found
behavioral deficits in memory retention for temporal dissociative passive avoidance and object recognition memory. When examined by
Morris water maze, AC8 KO mice showed normal reference memory. However, the acquisition of newer spatial information was defective
in AC8 KO mice. Furthermore, AC8 KO mice were severely impaired in hippocampus-dependent episodic-like memory when examined
by the delayed matching-to-place task. Because AC8 is preferentially localized at the presynaptic active zone, our results suggest a novel
role of presynaptic cAMP signaling in memory acquisition and retention, as well as distinct mechanisms underlying reference and
working/episodic-like memory.
Key words: adenylyl cyclase; cAMP; synaptic plasticity; learning; memory; knock-out mice

Introduction
The adaptation of animal behavior to the changing environment
requires activity-dependent modification of neuronal functions.
Cellular and molecular studies have suggested the role of cAMPand cAMP-dependent protein kinase (PKA)-mediated signal
transduction in regulating many forms of neuroplasticity, including long-term potentiation (LTP), long-term depression
(LTD), and long-term memory formation (LTM) (Nguyen and
Woo, 2003; Wang and Storm, 2003).
Ca-stimulated adenylyl cyclases (ACs) couple the activityevoked Ca rise to the production of cAMP, which may lead to
additional activation of PKA and extracellular signal-regulated
kinase (ERK) signaling (Impey et al., 1998). Among all cloned
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ACs, type 1 and type 8 AC (AC1 and AC8) are stimulated by
calcium and calmodulin. Indeed, biochemical and genetic evidence indicated that AC1 and AC8 are the only ACs that are
directly stimulated by Ca in the CNS (Wong et al., 1999). Membrane preparation from the brains of AC1/AC8 double knockout (DKO) mice showed no Ca stimulation in AC activity. Interestingly, the late-phase of LTP (L-LTP) in the CA1 region of the
hippocampus was significantly impaired in DKO mice, indicating an essential role of Ca-stimulated AC in synaptic plasticity
(Wong et al., 1999). Although DKO mice showed normal shortterm memory for passive avoidance (PA) (Stubley-Weatherly et
al., 1996) and contextual memory (Kim and Fanselow, 1992;
Logue et al., 1997), their LTM for these two hippocampusdependent tasks was defective (Wong et al., 1999).
Although AC1 and AC8 are both stimulated by Ca/calmodulin, they show different biochemical properties. AC1 is regulated
by both G-protein-coupled receptors and Ca (Choi et al., 1992).
It is stimulated by Gs (Wayman et al., 1994) and inhibited by Gi
(Nielsen et al., 1996). In contrast, AC8 is a pure Ca sensor and not
regulated by either Gs or Gi (Nielsen et al., 1996). Interestingly,
AC1 and AC8 may be differentially targeted to distinct subcellular domains, suggesting possible compartmentalization of Ca-
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stimulated signaling. When the epitope-tagged AC1 and AC8
were overexpressed in hippocampal neurons, we found that AC8,
but not AC1, showed concentrated expression pattern at the excitatory synapses (Wang et al., 2003). Moreover, we found that
the endogenous AC1 was mainly localized at the postsynaptic
density (PSD). The endogenous AC8 was preferentially concentrated at the presynaptic active zone (PAZ) (Conti et al., 2007).
These findings suggest that AC1 and AC8 may play distinct roles
in regulating activity-dependent plasticity.
When examined by hippocampus-dependent learning paradigms, AC1 knock-out (KO) mice showed impaired reference
memory in Morris water maze test (Wu et al., 1995) and normal
performance in passive avoidance and contextual fear conditioning. However, the function of AC8 in memory formation is essentially unknown. Interestingly, previous investigation on AC8
KO mice demonstrated that AC8 is not required for
hippocampus-dependent associative memories, such as passive
avoidance and contextual fear conditioning (Wong et al., 1999).
In this study, we identified undiscovered roles of AC8, the pure
Ca sensor, in memory retention, acquisition of newer spatial information, and working/episodic-like memory.

Materials and Methods
Animals. The mice mutants for AC8 were generated by gene-specific
recombination as described previously (Schaefer et al., 2000). The mice
were bred into C57BL/6 background for at least 10 generations. Animals
were housed in the university laboratory animal research facility, and all
the manipulations were in compliance with the guidelines of Institutional Animal Care and Use Committee at Michigan State University.
The mice had ad libitum access to water and food and were housed under
12 h dark/light cycles.
Behavioral analysis. Open-field analysis was used to measure the activity of wild-type (WT) and AC8 KO mice in a novel environment. Parameters, including total movement time, moving distance, and velocity,
were determined by the TruScan Photo Beam Activity System (Coulbourn Instruments, Whitehall, PA).
Passive avoidance. During training, mouse was introduced to the lit
half of the training chamber (Coulbourn Instruments) and allowed to
explore the lit chamber for 1 min before opening the trap door. The trap
door was closed, and a mild foot shock (0.7 mA for 2 s) was delivered
immediately after the mouse entered the darkened half. The trained
mouse was retained in the dark chamber for 20 s after the shock and then
returned to its home cage. When tested, the trained mouse was reintroduced to the lit chamber. The time spent in the lit half before entering the
darkened half was scored as crossover latency and used as index for
memory formation. We chose 300 s as the cutoff value for crossover
latency. Mice were removed manually from the lit chamber when the
cutoff value was reached.
Temporal dissociative passive avoidance. The behavioral protocol was
similar to that of passive avoidance except for that the shock was delivered 10 min after the mouse entered the dark chamber. The animals were
trained by one trial per day for 5 d. The animals were tested on day 6
without shock. During each training trial, the crossover latency was recorded. If the mice reached the cutoff value (300 s) before the fifth trial,
they would not be subjected to additional training, and the value of their
crossover latency was used for the later sessions. To test long-term memory retention, the trained mouse, which reached the cutoff value (300 s),
was tested again 8 d later. For example, if a trained mouse showed 300 s
crossover latency on day 3, no more training trial was performed on this
particular mouse. The value of 300 s was used for days 3– 6. The mouse
was tested for long-term memory retention 8 d later, which is day 11.
Object recognition memory. First, the mouse was habituated for 12 h in
the training/testing chamber (46.5 ⫻ 25⫻ 15 cm, length ⫻ width ⫻
height). During training, two objects with different shapes were presented to the mouse for 10 min. One hour after training, another set of
objects (one old object and one novel object) was presented to the trained
mouse. The interaction of mouse with each object, including approaches
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and sniffing, was scored. If the mouse had memory retention for the old
object, it would show preference to the novel object during testing. The
percentage of preference is defined as “number of interaction for a specific object” divided by the “total number of interaction for both
objects.”
Morris water maze was used for testing hippocampus-dependent spatial memory (Morris et al., 1982). Animal activity was measured by a
video-based tracking system (WaterMaze; Coulbourn Instruments). The
pool was filled with opaque water (by adding washable white paint) and
surrounded by extramaze cues. The escape platform (10 cm in diameter)
was placed in the center of a designated quadrant with its top positioned
1 cm below the water surface. During the visible platform training, the
platform was marked by a flag. Mice were trained by six trials per day for
2 d. The six trials were divided into two blocks with an interval of 1 h
(interblock interval). There were three trials for each block with 10 min
interval between the trials [intertrial interval (ITI)]. Mice were allowed to
navigate in the circular pool for up to 60 s until they found the platform.
Mice were allowed to stay on the platform for 30 s. If mice failed to find
and land on the platform within 60 s, they were manually guided to the
platform. The visible platform was randomly placed in different locations
for each trial. The time each mouse spent to land on the platform was
scored as escape latency.
After the visible platform training, the mice were further trained by the
hidden platform paradigm, during which the platform was placed 1 cm
beneath the opaque water. Mice were trained by four trials (with 1 h ITI)
per day for 5 d. For each trial, mice were dropped into the pool randomly
from four different designated start points.
Probe trials were performed 1 d after the hidden platform training.
With the escape platform removed, the mice were allowed to swim in the
pool for 60 s. The time spent in each quadrant, number of crossing for the
location of the hidden platform, and swimming speed were recorded.
During the reversal platform training, the hidden platform was moved
to the opposite quadrant. The mice were trained by four trials per day
(with ITI of 1 h) for 4 d. A probe trial was performed 1 d after the last
training session.
The hippocampus-dependent delayed matching-to-place (DMP) task
was performed, as described previously (Chen et al., 2000; Zeng et al.,
2001), to examine the working/episodic-like memory. Naive WT and
AC8 KO mice were first pretrained by the visible platform paradigm
(four trials per day for 2 d with an ITI of 30 min). After the pretraining,
these mice were trained to find the six new different locations of the
hidden platform. For each trial, a maximal duration of 90 s was allowed
for the mice to find the hidden platform. For each platform location, the
mice were trained for a maximum of eight trials per day for 2 d (with an
ITI of 10 min). If the mice find the platform within 20 s for three consecutive trials, they will be trained for the next new platform location. The
least number of trials was five for each platform location even if a mouse
reached the criterion in fewer than five trials.
Hippocampal lesion. Bilateral hippocampal lesions were performed as
described previously (de Hoz et al., 2005; Martel et al., 2007). Briefly,
mice were anesthetized with pentobarbital sodium (100 mg/kg, i.p.), and
mounted on a stereotaxic frame (model 963-LS; David Kopf Instruments, Tujunga, CA) with bregma and lambda on the same horizontal
plane. The injection cannulas were placed to the dorsal hippocampus
with coordinates of 2.0 mm posterior, 1.4 mm lateral, and 1.6 mm ventral. Ibotenic acid (0.3 l with a concentration of 10 mg/ml in PBS) was
delivered at a flow rate of 0.05 l/min by a WPI (Sarasota, FL) syringe
pump. After injection, the infusion cannula was kept in place for 2 min
and then pulled out slowly. Sham lesions were performed the same way
but injected with 0.3 l of PBS. At the end of behavioral test, animals were
perfused with ice-cold PBS. The brains were removed, fixed in 6% paraformaldehyde/PBS, and cryoprotected with 30% sucrose/PBS. Coronal
sections (30 m thick) were subjected to histological examination by
cresyl violet staining.
Detection of endogenous AC1 and AC8. The forebrain tissues including
hippocampus were freshly dissected from WT, AC1 KO, and AC8 KO
mice. After homogenization, the synaptosomes were isolated by sucrose
gradient centrifugation (100,000 ⫻ g for 1.5 h) as described previously
(Phillips et al., 2001; Conti et al., 2007). The purified synaptosomes were
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further separated into extrasynaptic, PSD, and PAZ fractions as described previously (Conti et al., 2007) and subjected to 4 –12% SDSPAGE. AC1 and AC8 were detected by Western blot analysis with the
ECL methods (SuperSignal WestDura; Pierce, Rockford, IL). Antibodies
against AC1 (1:500; rabbit polyclonal; developed in house), AC8 (1:500;
rabbit polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA), PSD-95
(1:4000; monoclonal; Affinity BioReagents, Golden, CO), and Rab3A
(1:1000; rabbit polyclonal; Affinity BioReagents) were used.
Data analysis. Two-way repeated-measures ANOVA was performed
for water maze and temporal dissociative passive avoidance (TDPA) data
(genotype and time/trial as between/within-subject factor). Three-way
repeated-measures ANOVA was used for delayed matching-to-pace task.
Student’s t test was used to assess significance for data between two
groups. Data were expressed as the mean ⫾ SEM. Differences with p
values ⬍0.05 were considered significant.

Results
AC8 KO mice showed normal locomotor activity, passive
avoidance memory, and shock sensitivity
We first examined the basal locomotor activity of AC8 KO mice
in a novel environment by the open-field analysis. WT mice and
AC8 KO mice showed comparable movement time, similar travel
distance, and ambulatory velocity (supplemental Fig. 1, available
at www.jneurosci.org as supplemental material). These data indicated normal movement of AC8 KO mice.
It was reported that AC1/AC8 DKO mice were significantly
impaired in two hippocampus-dependent tasks, passive avoidance memory and contextual memory (Wong et al., 1999). However, single KO mice for AC8 showed normal memory retention
in both tasks (Wong et al., 1999). These results indicated that AC8
activity is not necessary to support certain forms of associative
memory. Here, we confirmed that the memory retention is normal with AC8 KO mice for passive avoidance (supplemental Fig.
2, available at www.jneurosci.org as supplemental material).
Both WT and AC8 KO mice showed significant increase in crossover latency when tested 24 h after training (F(1,14) ⫽ 548; p ⬍
0.001, two-way ANOVA), and there was no significant difference
between the genotypes (F(1,14) ⫽ 650; p ⫽ 0.4). We also found no
difference in shock sensitivity between WT mice and AC8 KO
mice. WT mice and AC8 KO mice showed similar reaction during
the delivery of the mild electric foot shock (0.7 mA for 2 s). They
showed similar increase in ambulatory velocity during the shock
and an after-shock reduction in movement (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material).
AC8 KO mice are impaired for temporal dissociative
passive avoidance
Although AC8 KO mice were normal for contextual and passive
avoidance memory, we reasoned that it might be attributable to
the intrinsic features of these two paradigms. These two paradigms are very strong and less demanding training protocols and
may not be sensitive enough to detect behavioral phenotypes in
AC8 KO mice. We used a modified passive avoidance protocol,
TDPA, in which the delivery of an aversive unconditioned stimulus (US) (the mild electric foot shock) was delayed. In the standard passive avoidance, the mild electric foot shock was delivered
immediately after the mouse entered the darkened half of the
training chamber. In the TDPA, the foot shock was delivered 10
min after mouse entering the darkened half, so that the association of the conditioned stimuli (CSs) with the unconditioned
stimuli was weaker. Normally a single passive avoidance training
may lead to very strong memory formation, as indicated by
reaching the cutoff value for crossover latency during testing
(supplemental Fig. 2, available at www.jneurosci.org as supple-

Figure 1. AC8 KO mice show deficits in TDPA. WT (n ⫽ 10) and AC8 KO (n ⫽ 8) mice, at the
age of 2–3 months, were trained by TDPA everyday (from day 1 to day 5). The trained mice were
tested 24 h after each training (from day 2 to day 6). The crossover latency was recorded. A, AC8
KO mice showed slower learning than WT mice, as indicated by the lower crossover latency on
testing days 2–5. All values are average ⫾ SEM. B, The percentage of mice reaching the cutoff
value was lower for AC8 KO mice.

mental material). When trained by the TDPA, multiple training
sessions are needed for mice to reach the cutoff value (Fig. 1 A).
Compared with WT mice, AC8 KO mice showed significantly
slower increase in crossover latency when trained for the TDPA.
Although the two-way ANOVA analysis demonstrated significant learning and memory formation for both WT and AC8 KO
mice (F(5,80) ⫽ 42; p ⬍ 0.001), significant difference in crossover
latency was revealed between WT and AC8 KO mice (F(1,16) ⫽ 13;
p ⫽ 0.002). The trial ⫻ genotype interaction also revealed significant difference (F(5,80) ⫽ 2.7; p ⫽ 0.03). These data demonstrated a slower learning curve with AC8 KO mice in TDPA. In
addition, WT mice required less training sessions to reach the
cutoff value (300 s of crossover latency). The percentage of animals with 300 s crossover latency was higher for WT mice in all
testing sessions (Fig. 1 B). After five consecutive daily trainings,
all WT mice reached 300 s crossover latency when tested on day 6.
In contrast, 75% of AC8 KO mice (six of eight) reached the cutoff
value on day 6.
To test long-term memory retention, the mice reached the
300 s cutoff value after TDPA training were tested again 8 d later.
Because not all AC8 KO mice showed cutoff value on day 6, we
only chose the individuals (six of eight) with 300 s crossover
latency for the 8 day memory retention test. We observed signif-
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operated mice reached 300 s crossover latency when tested on day 6. In contrast,
78% of the lesioned mice (seven of nine)
reached the cutoff value on day 6. Histology assessment revealed that significant
hippocampal lesions occurred in ibotenic
acid-injected mice (Fig. 2C). No apparent
hippocampal damages were observed in
the sham-operated mice (Fig. 2 D). These
results implicated that TDPA depends on
intact hippocampus.
AC8 KO mice are impaired for object
recognition memory
We further examined AC8 KO mice by another sensitive hippocampus-dependent
paradigm, object recognition memory
(Myhrer, 1988; Reed and Squire, 1997).
Because there is no reinforcement (such as
an aversive unconditioned stimulus) during the object recognition training, a single
training trial usually results in weaker
memory formation, which may last for ⬍1
d. During the 10 min training session, WT
and AC8 KO mice showed similar interaction with the objects (38 ⫾ 3 for WT mice,
37 ⫾ 3 for AC8 KO mice; p ⬎ 0.05, Student’s t test), indicating normal motivation and exploratory activity. WT and AC8
KO mice also displayed equal preference to
the two objects during training (Fig. 3A).
During testing, one conditioned old object
was replaced by a novel object. If mice retained memory for the old objects, they
Figure 2. Memory formation for TDPA depends on hippocampus. Mice with hippocampal lesion (injected with ibotenic acid, would show preference to the novel object.
n ⫽ 9) and sham-operated mice (injected with PBS, n ⫽ 10) were trained by TDPA as described in Figure 1. A, Lesioned mice When tested 1 h after training, only WT
displayed poor TDPA performance, as indicated by shorter crossover latency during testing. B, The percentage of animals reaching mice, but not AC8 KO mice, showed sigthe cutoff value (300 s) was lower for lesioned mice. C, D, The hippocampal morphology was examined by cresyl violet staining.
nificant preference to the novel object
Hippocampal lesion occurred in ibotenic acid-injected (C) but not in PBS-injected mice (D). The boxed regions in the top panels
(67 ⫾ 2% for WT mice, 52 ⫾ 2% for AC8
were enlarged and shown in the bottom panels.
KO mice; p ⬍ 0.001, Student’s t test) (Fig.
3B). These data indicated that AC8 is reicant loss of TDPA memory for AC8 KO mice. The crossover
quired for the formation of recognition memory.
latency of WT was 275 ⫾ 13 s when tested 8 d later. In contrast,
the value for AC8 KO mice was 157 ⫾ 52 s ( p ⫽ 0.05, Student’s t
The function of AC8 in spatial reference memory
test). The difference between WT and AC8 KO mice during trainWe examined hippocampus-dependent spatial memory by Moring and testing was not attributable to different shock sensitivity
ris water maze (Morris et al., 1982). We first trained mice with the
(supplemental Fig. 3, available at www.jneurosci.org as supplevisible platform paradigm, in which the animals learn to find the
mental material).
escape platform with an attached visual cue. Although WT
To determine whether TDPA depends on the function of hipshowed better improvement for the first four trials on day 1, there
pocampus, we did bilateral hippocampal lesions. After lesion/
was no significant difference in escape latency after 12 trials ( p ⫽
surgery, mice were recovered for 9 d and tested for TDPA. As
0.267, two-way ANOVA) (Fig. 4 A). Both genotypes showed sigshown in Figure 2, both groups significantly increased their
nificant improvement in escape latency (F(11,187) ⫽ 19.5; p ⬍
0.001, two-way ANOVA). Animals of both group showed similar
crossing-over latency during training (F(5,85) ⫽ 54.4; p ⬍ 0.0001).
However, the lesioned mice (injected with ibotenic acid) disswimming speed during visible platform training (1.8 ⫾ 0.1 arplayed significant slower learning than the sham-operated mice
bitrary units for both genotypes; p ⫽ 0.317, t test). These data
(injected with vehicle PBS) (F(1,17) ⫽ 10.7; p ⬍ 0.01, repeatedindicated that AC8 KO mice were normal in motor activity,
measures two-way ANOVA). Post hoc comparison showed that
vision, and motivation to escape from the water.
there was significant difference between the lesioned and the
We further examined AC8 KO mice with the hidden platform
sham group on day 2 ( p ⫽ 0.01) and day 3 ( p ⫽ 0.04) and a
paradigm, in which animals learned to find the escape platform
tendency to significant difference on day 4 ( p ⫽ 0.06). Furtherby using the extramaze cues. AC8 KO mice showed similar permore, the percentage of animals with 300 s crossover latency (the
formance to that of WT mice. Both group displayed significant
cutoff value) was lower for the lesioned mice in all testing sessions
training-related decrease in escape latency, correlating well with
(Fig. 2 B). After five consecutive daily trainings, all shamthe number of trials (Fig. 4 B) (F(19,323) ⫽ 5; p ⬍ 0.001, two-way
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Figure 3. AC8 KO mice show deficits in object recognition memory. WT (n ⫽ 9) and AC8 KO
(n ⫽ 8) mice were trained for object recognition memory. A, WT and AC8 KO mice showed equal
preference to the two objects during training. B, WT, but not AC8 KO mice, showed significant
preference to the novel object during testing. The values are average ⫾ SEM.

ANOVA), and there was no significant difference between WT
and AC8 KO mice (F(1,17) ⫽ 201; p ⫽ 0.919, two-way ANOVA).
During the probe test, both WT and AC8 KO mice spent significant more time in the target quadrant (46 ⫾ 4% for WT mice,
49 ⫾ 5% for AC8 KO mice; p ⫽ 0.674, Student’s t test) (Fig. 4C).
The number of crossing the platform location was also comparable between the two groups (WT and AC8 KO mice) (3.4 ⫾ 0.5
for WT mice, 2.9 ⫾ 1 for AC8 KO mice; p ⫽ 0.63, Student’s t test).
During the probe test, AC8 KO mice also displayed similar swim
speed to that of WT mice (data not shown). These data indicated
that AC8 is not required for reference spatial memory.
The function of AC8 in working/episodic-like memory during
the delayed matching-to-place task
We next tested whether AC8 KO mice could relearn new platform
formation. During the reversal trials, the platform was moved to
the opposite quadrant from the previously trained position. After
4 d of training, both WT and AC8 KO mice significantly improved in escape latency (F(15,255) ⫽ 5.4; p ⬍ 0.001, two-way
ANOVA) (Fig. 5A). There was no statistical difference in escape
latency between WT and AC8 KO mice for the whole training
session (F(1,17) ⫽ 1.4; p ⫽ 0.253, two-way ANOVA). Furthermore, AC8 KO and WT mice showed comparable percentage of
time in the target quadrant (Fig. 5B) (45 ⫾ 3% for WT mice, 49 ⫾
4% for AC8 KO mice; p ⫽ 0.317, t test), number of crossing for
the location of the escape platform (3.1 ⫾ 0.5 for WT mice, 4.0 ⫾
0.7 for AC8 KO mice; p ⫽ 0.205, t test), and swim speed (1.8 ⫾ 0.1
for WT mice, 1.8 ⫾ 0.1 for AC8 KO mice; p ⫽ 0.465, t test) during
the probe trial after the last reversal training.
Although there was no significant difference between WT and
AC8 KO mice in escape latency, the p value for the interaction
between genotype and trial was ⬍0.05 (F(15,255) ⫽ 2.2; p ⫽ 0.008,
two-way ANOVA). During the first day of reversal training, we
noticed that the reduction of escape latency was significantly less
for AC8 KO mice in the third and fourth trials (Fig. 5A). The post
hoc comparison detected difference for trials 3 and 4 (F(1,17) ⫽ 7,
p ⫽ 0.018 for trial 3; F(1,17) ⫽ 8, p ⫽ 0.013 for trial 4) and suggested that AC8 KO mice might be impaired for acquiring newer
spatial information. Therefore, we further examined memory acquisition by moving the escape platform to another location. The
platform was moved clockwise to two new locations (as indicated
in Fig. 5C) on 2 consecutive days. AC8 KO mice showed significant impairments in finding the new platform location on day 2
(F(1,17) ⫽ 7; p ⫽ 0.017, two-way ANOVA) (Fig. 5C).
The data from Figure 5 suggested that AC8 might be required
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for working/episodic-like memory. Therefore, we examined naive cohorts of WT and AC8 KO mice by DMP task in Morris
water maze (Chen et al., 2000; Zeng et al., 2001). During the DMP
task, which requires dynamic acquisition of ongoing events and
measures hippocampus-dependent working/episodic-like memory, mice were trained to learn the six changing locations of the
platform. For each platform location, the mice ware trained by a
maximum of eight trials per day for up to 2 d. If the mice were
able to find the platform within 20 s for three consecutive trials,
they would be trained for the next platform position. However, a
minimum of five trials was performed for each platform location.
Again, WT and AC8 KO mice showed comparable performance
during the visible platform pretraining (data not shown). They
also displayed similar swimming speed during all pretraining and
DMP training sessions (data not shown). Although both WT and
AC8 KO mice showed learning and improvement in escape latency for all platform locations (F(5,55) ⫽ 6.9, p ⬍ 0.0001, for WT
mice; F(5,60) ⫽ 6.6, p ⬍ 0.0001 for AC8 KO mice; two-way
ANOVA), WT mice showed significantly faster learning of the
new platform location than AC8 KO mice (Fig. 6 A, B) (F(1,23) ⫽
33.7; p ⬍ 0.0001, three-way repeated-measures ANOVA). The
difference in trial ⫻ genotype interaction was also significant
(F(4,92) ⫽ 7.6; p ⬍ 0.0001). To determine the function of AC8 in
rapid learning after a single trial for the new platform, we calculated the “saving time,” which was the reduction of escape latency
between the first and second trials. AC8 KO mice showed much
smaller saving value than WT mice (Fig. 6C). The average saving
for the first three platform positions was 36 ⫾ 6 s for WT mice
and 16 ⫾ 7 s for AC8 KO mice (Fig. 6C) ( p ⬍ 0.05, t test). The
average saving for the last three platform locations was 47 ⫾ 4 s
for WT mice and 17 ⫾ 6 s for AC8 KO mice (Fig. 6C) ( p ⬍ 0.001,
t test). We also noticed that AC8 KO mice needed more trials to
reach the criterion for each platform location (i.e., ⬍20 s in escape latency) (Fig. 6 D). For the first three platform locations, the
average number of trials was 6.6 ⫾ 0.4 for WT mice and 9.4 ⫾ 0.5
for AC8 KO mice (Fig. 6 D) ( p ⬍ 0.01, t test). For the last three
locations, it was 4.8 ⫾ 0.2 for WT mice and 7.6 ⫾ 0.7 for AC8 KO
mice (Fig. 6 D) ( p ⬍ 0.005, t test). These data strongly suggested
that AC8 is required for the hippocampus-dependent working/
episodic-like memory. When data were analyzed for the last two
platform locations, AC8 KO mice displayed more dramatic impairments for the improvement in escape latency (supplemental
Fig. 4 A, available at www.jneurosci.org as supplemental material), saving time (supplemental Fig. 4 B, available at www.jneurosci.org as supplemental material), and trial numbers needed to
reach the escape latency criterion of 20 s (supplemental Fig. 4C,
available at www.jneurosci.org as supplemental material). These
data demonstrated that AC8 is required for working/episodiclike memory.
AC8 is preferentially localized in the presynaptic active zone
and copurifies with Rab3A
As described previously, mice mutants with AC1, another Castimulated AC, showed impairments in spatial reference memory
(Wu et al., 1995). In contrast, AC8 KO mice displayed normal
reference memory in Morris water maze, as indicated by their
normal performance in the probe tests (Figs. 4C, 5B). Possibly,
the different phenotypes could be attributable to the distinct biochemical properties and differential subcellular localization of
these two Ca-stimulated enzymes. Here, we reconfirmed that
AC1 is concentrated in the PSD fraction and AC8 is concentrated
in the PAZ fraction. AC1 was copurified with PSD-95 but not
with Rab3A (Fig. 7 A, C,D). Rab3A is a small GTPase, whose func-
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molecules, such as PKA, ERK, and cAMPresponsive element binding protein
(CREB), which play essential roles in regulating synaptic plasticity (Nguyen and
Woo, 2003).
The function of Ca-stimulated ACs in
regulating neuroplasticity was addressed
by using gene knock-out strategies. DKO
for both AC1 and AC8 showed no latephase LTP in the CA1 region of the hippocampus (Wong et al., 1999). When examined by passive avoidance and
contextual fear conditioning, the DKO
mice showed no LTM retention. These
data demonstrated that Ca-stimulated ACs
are required for many aspects of plasticity.
Recently, it was shown that the activitydependent activation of ERK and CREB
was lost in DKO neurons (Sindreu et al.,
2007).
The contribution of AC1 and AC8 to
Ca-stimulated cyclase activity was determined by the use of DKO mice and single
KO mice of AC1 and AC8. The Castimulated AC activity was significantly reduced in the hippocampus of AC1 KO and
AC8 KO and totally lost in DKO mice
(Wong et al., 1999). Despite the significant
reduction in Ca-stimulated AC activity,
AC8 KO mice showed normal
Figure 4. AC8 KO mice show normal reference memory for Morris water maze. A, WT and AC8 KO mice were first trained by the transcription-dependent L-LTP at the
visible platform paradigm and showed comparable improvement in escape latency. B, The same set of mice were further trained Schaffer collateral/CA1 synapses (Wong et
by the hidden platform paradigm and showed comparable improvement in escape latency. During training, the hidden platform al., 1999). Although the level of CA1 LTP
was positioned in the center of a designated quadrant (arbitrarily quadrant 2 as indicated in the inset diagram). C, During the probe trial, was lower during the first hour after inducboth WT and AC8 KO mice spent significantly more time in the target quadrant (quadrant 2). All values are average ⫾ SEM.
tion (Wu et al., 1995), L-LTP was normal
in AC1 KO mice (Wong et al., 1999). Furthermore, AC1 KO and AC8 KO mice both
tion is demonstrated in regulating vesicle fusion and neurotransshowed normal LTM for passive avoidance and contextual fear
mitter release (Schluter et al., 2002; Sudhof, 2004). Interestingly,
conditioning (Wong et al., 1999). These data indicated that AC1
Rab3A mutant mice showed similar phenotypes to that of AC8
or AC8 alone might be sufficient to support certain forms of
KO mice. They are both impaired for mossy fiber LTP (mfLTP)
synaptic plasticity.
(Castillo et al., 1997; Wang et al., 2003) and acquisition of newer
Are AC1 and AC8 redundant? Although passive avoidance
spatial information (D’Adamo et al., 2004, and this study). Here,
and contextual memory do not depend on AC1 activity, AC1 KO
we show that AC8 was also copurified with Rab3A, which was
mice showed significant deficits in spatial reference memory forpresent in the PAZ but not in PSD preparations (Fig. 7B–D).
mation. In the Morris water maze paradigm, AC1 KO mice
Although the antibodies against AC1 and AC8 detected a few
showed normal acquisition in the hidden platform training but
nonspecific bands (Fig. 7 A, B), they appeared to be highly specific
were impaired in the probe test (Wu et al., 1995). As described
for AC1 and AC8. The specific immunosignal was lost in AC1 KO
previously, the regulatory properties of AC1 and AC8 are differmice when AC1 antibody was used (Conti et al., 2007) (Fig. 7A).
ent. Compared with AC1, whose activity is regulated by both
Similarly, AC8 antibody failed to detect AC8 in AC8 KO mice
G-proteins and Ca, AC8 is a pure Ca sensor. Recently, we found
(Conti et al., 2007) (Fig. 7B). We consider the doublets (detected
that the endogenous AC1 is preferentially localized in the
by AC8 antibody) in the PSD fraction nonspecific signals, bepostsynaptic density, whereas AC8 is detected mainly in the precause they were also present in AC8 KO samples (Fig. 7B). These
synaptic active zone (Conti et al., 2007) (Fig. 7). Therefore, they
molecules might be extensively enriched in PSD and picked up by
may play distinct roles in synaptic plasticity. Although AC8 KO
nonspecific antibody binding. They were not present in PAZ
mice showed normal CA1 LTP, they were impaired in CA1 LTD
preparations from AC8 KO mice (Fig. 7B).
(Schaefer et al., 2000). Interestingly, AC8 is required for mossy
Discussion
fiber LTP (Wang et al., 2003), which is mechanistically different
Ca/calmodulin-stimulated ACs couple the two major second
from CA1 LTP and does not depend on the activation of NMDA
messengers, Ca and cAMP, in the CNS. Supported by biochemreceptors (Zalutsky and Nicoll, 1990; Johnston et al., 1992).
istry, molecular, and genetic studies, it was concluded that AC1
However, the function of AC8 in memory formation is basically
and AC8 are the only ACs that are directly activated by Ca. The
unknown. In this study, we found that AC8 is required for a more
activity-dependent upregulation of the enzymatic activity of AC1
sensitive form of passive avoidance memory, TDPA. We assume
and AC8 may be pivotal for the activation of many signaling
that TDPA and standard PA are essentially similar. They both
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involve the same US and CS, except that
the coupling of US and CS is delayed in
TDPA. With this kind of perturbation,
more training sessions are required for animals to form strong memory. The same
TDPA protocol was successfully used to
detect impairments with mice mutants for
an ␤-amyloid precursor protein interacting protein FE65 (B. Wang et al., 2004). By
the hippocampal lesion experiments, we,
for the first time, demonstrated that this
sensitive paradigm of PA is indeed hippocampus dependent. Compared with WT
mice, AC8 KO mice showed weaker memory formation, as well as weaker memory
retention in TDPA. Although AC8 KO
mice showed normal passive avoidance
and contextual memory, they were defective in object recognition memory, which
also depends on the function of
hippocampus.
We found that the function of AC8 and
AC1 is different in regulating spatial memory. Whereas the reference memory is significantly impaired in AC1 KO mice (Wu
et al., 1995), AC8 KO mice showed normal
performance in acquisition and the probe
test for the hidden platform test. However,
the ability to acquire newer platform location was lost in AC8 KO mice (Fig. 5C). Figure 5. AC8 KO mice show impaired acquisition of newer spatial information. A, After the hidden platform trials, WT and AC8
Such impairment suggests a role of AC8 in KO mice were trained by the reversal test, during which the platform was moved from quadrant 2 to 4 (as indicated by the inset
diagram). After 4 d of training, both groups (WT and AC8 KO mice) learned the reversed platform position, as indicated by the
working/episodic-like memory, which inimprovement in escape latency (A). A probe trial was performed after the reversal protocol. B, Both WT and AC8 KO mice spent
volves dynamic acquisition of ongoing in- significant more time in the new target quadrant (quadrant 4). C, After the reversal paradigm, the mice were further trained to
formation. Therefore, we further exam- find two new platform positions (placed in quadrants 3 and 2) on 2 consecutive days. All values are expressed as average ⫾ SEM.
ined AC8 KO mice with DMP task using
Morris water maze. Compared with WT
study revealed a striking similarity between Rab3A KO and AC8
mice, AC8 KO mice showed slower learning for the six changing
KO mice. They are both defective in mfLTP, show normal conplatform locations, as indicated by slower improvement in latextual memory (Wong et al., 1999; Powell et al., 2004) and hidtency and smaller saving values.
den platform performance, but display impairments in reversal
The postsynaptic mechanisms for learning and memory forand DMP test. Although our data do not prove the causal effects
mation were intensively investigated. Recently, emerging eviof mfLTP, we suggest that this form of presynaptic plasticity may
dence started to suggest the role of presynaptic function in certain
be required for more sensitive and demanding learning paraforms of hippocampus-dependent learning (Powell, 2006). Spedigms. This possibility was demonstrated by the phenotypes of
cifically, the functional relevance of LTP at the mossy fiber/CA3
AC8 KO mice in passive avoidance and TDPA. We showed that
synapses (mfLTP) in memory formation was investigated in geAC8 KO mice were normal for the standard passive avoidance
netically engineered mice. As described previously, the deletion
but impaired for the more sensitive TDPA test. It would be interof Rab3A, a molecule involved in neurotransmitter release, reesting to examine Rab3A and PKA mutant mice with TDPA and
sulted in severe impairments of mfLTP (Castillo et al., 1997).
recognition memory, in which AC8 KO mice were also defective.
However, the Rab3A KO mice showed normal reference memory
Although the essential role of Ca-stimulated ACs in memory
in the hidden platform test of Morris water maze. Their contexwas well accepted, the function of presynaptic and postsynaptic
tual memory formation was also comparable with that of WT
cAMP signaling is unknown. Because of the different subcellular
mice (Powell et al., 2004). Although a recent report suggested a
localization, we suggest that cAMP-regulated memory is mainly
role of Rab3A in the regulation of emotion (Yang et al., 2007), the
mediated by AC1 at the postsynaptic site and by AC8 at the prephenotypes of Rab3A KO mice in cued fear conditioning were
synaptic site. It is important to mention that AC1 KO mice are
controversial (Powell et al., 2004; Yang et al., 2007). The lack of
also defective for mfLTP (Villacres et al., 1998). Although plasbehavioral phenotypes was also demonstrated in mice mutant for
ticity at the mossy fiber synapses is considered to be mainly prePKA. Although genetic deletion of the C␤1 or the RI␤ isoform of
synaptic (Zalutsky and Nicoll, 1990; Weisskopf and Nicoll, 1995),
PKA caused significant deficits in mfLTP, these KO mice disthe role of postsynaptic Ca and cAMP was demonstrated (Yeckel
played normal hidden platform performance and contextual
et al., 1999; J. Wang et al., 2004). Because mild deficits in CA1
memory (Huang et al., 1995). Although the functional role of
LTP were observed with AC1 KO mice, it is premature to postumfLTP in learning was challenged, D’Adamo et al. (2004) relate how regulation of mfLTP by cAMP at presynaptic and
ported interesting defective phenotypes in reversal and episodicpostsynaptic sites affects reference and working memory. Neverlike memory with Rab3A KO mice (D’Adamo et al., 2004). Our
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theless, the distinct properties of AC1 and AC8 are reflected by
the different phenotypes in AC1 KO and AC8 KO mice.
In summary, we identified novel roles of AC8 in regulating
memory retention. Furthermore, we found that AC8 and AC1
have distinct function in spatial memory. Whereas AC1 is required for reference memory, AC8 is required for the acquisition
of newer spatial information and working/episodic-like memory.
Our results also suggest that compartmentalized Ca-stimulated
cAMP signaling with distinct biochemical properties may differentially regulate neuronal function and behavior.
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